INTRODUCTION
The study of the biological function of glycoprotein glycans is very attractive in the field of cell biology [1] . a-Mannosidase (a-D-mannoside mannohydrolase, EC 3.2.1.24) is known to play an important role in the processing of mannose-containing glycans in vivo, since a deficiency in this enzyme results in the lethal disease, mannosidosis, a hereditary disease reported in humans [2] and cattle [3] [4] [5] . a.-Mannosidases have also been employed in the analysis of mannose-containing glycans, for example, highmannose-type sugar chains of glycoproteins [6] . During a course of study on the culture filtrate of Penicillium citrinum, we found 1,2-a-mannosidase activity which hydrolyses yeast mannan. The activity consists of two isoenzymes. So far, the existence of isoenzymes has been reported for a-mannosidases such as rat liver Golgi mannosidase [7] , rat liver membrane-bound endoplasmic reticulum mannosidase [8] and yeast vacuolar mannosidase [9] . These are all multimeric enzymes and yeast vacuolar amannosidase is not specific for the 1,2-a-mannosidic linkage. We feel that Penicillium is worthy of investigation since the existence of isoenzymes for a monomeric 1,2-a-mannosidase has not previously been shown. The trivial name Penicillium 1,2-a-Dmannosidase is suggested for the enzyme. Here, we describe purification and characterization of two forms of 1,2-a-Dmannosidase from P. citrinum.
MATERIALS AND METHODS Materials
A commercial product, 'Protease B', from P. citrinum was provided by Amano Pharmaceutical Co., Nagoya, Japan. Baker with Aspergillus saitoi 1,2-a-mannosidase [10] for 27 h at 30°C determined for the two forms. Activation energy was a little lower for Ia than lb. There was little difference between the enzymes with regard to their performance at acidic or alkaline pH. The N-terminal amino acid sequences of the two enzymes were identical. Analysis of C-terminal peptides, which were prepared by tryptic digestion and anhydrotrypsin-agarose chromatography, showed that Ia and lb had the same amino acid sequences in the C-terminal region. Tryptic digestion revealed a slight difference between the isoenzymes in the pattern of cleaved peptides on SDS/PAGE. and at pH 5.0 to digest contaminating Man(al --2)Man. The mixture was then loaded on to a gel-permeation column (TSKgel G2000PW) and the peak of mannobiose was recovered and lyophilized. Man(al --2)Man was prepared by controlled acetolysis of baker's yeast mannan, followed by gel filtration of the deacetylated products on a Bio-Gel P4 column [11] . Man(al 6 2)Man-ol were prepared by reduction of the corresponding mannobiose or mannotetraose with NaBH4 [12] . Glycopeptidase F [EC 3.5.1.52; peptide-N4-(N-acetyl-/5-glucosaminyl)asparagine amidase] and anhydrotrypsin-agarose were purchased from Takara Shuzo Co., Kyoto, Japan. p-Nitrophenyl ac-D-mannoside and other reagents were from Nacalai Tesque Co., Kyoto, Japan. Aspergillus saitoi carboxypeptidase (EC 3.4.16.1) was generously given by Dr. Y. Chiba of this laboratory.
Enzyme assays and protein determination p-Nitrophenyl a-D-mannosidase activity was determined by the published method [13] 30 ,ul were incubated for 30 min at 30 'C. The reaction was arrested by heating to 100 'C for 2 min, and released mannose was determined by the method of Park and Johnson [16] . In these cases, mixtures that contained mannobiose but not enzyme were always used for blanks. When reaction products were analysed by gel-permeation h.p.l.c., samples were loaded on to a TSKgel G2000PW column (0.75 cm x 60 cm) which was run in water at the rate of 0.7 ml/min, and eluates were monitored with a differential refractometer (R401-type, Waters). Protein concentrations were measured by the method of Lowry et al. [17] , with BSA as standard.
Purffication of 1,2-a-D-mannosidase
All operations were carried out at below 4°C unless otherwise indicated. Crude enzyme preparation (30 g) obtained from a commercial product, Protease B, from P. citrinum was dissolved in 300 ml of 10 mM sodium acetate/acetic acid buffer, pH 5.0. After the pH of the solution had been adjusted to 5 [18] , and SDS/PAGE by the method of Laemmli [19] . After electrophoresis, gels were stained with Coomassie Brilliant Blue. Isoelectric focusing was performed by the method of Garfin [20] Glycopeptidase F digestion The isoenzyme Ta or lb (approx. 5 ,ug each of protein) was boiled for 5 min in a solution containing 10 mM Tris/glycine, pH 8.3, and 0.04 % of SDS in a total volume of 52 ,ul, then glycopeptidase F (0.75 unit in 3 ,ld) was added and incubated for 24 h at 37 'C.
The reaction was stopped by boiling for 2 min and the mixture was analysed by SDS/PAGE (15 % polyacrylamide gel).
Western blotting Isoenzymes Ia and lb (0.08 and 0.1 ,ug of protein respectively) were separated by PAGE at pH 9.4 and transferred to poly-(vinylidine difluoride) (PVDF) membrane using a semi-dry electroblotter (Trans-Blot SD, Bio-Rad, Richmond, CA, U.S.A.). The membrane was then soaked in T-PBS [10 mM sodium phosphate-buffered saline, pH 7.2, with 0.05 % (v/v) Tween 20] containing 3 % (w/v) skimmed milk for 1 h at 37 'C. After three washes in T-PBS, the membrane was soaked in PBS (1O mM sodium phosphate-buffered saline, pH 7.2) containing 1:200 dilution of antibody raised in rabbit against purified Penicillium 1,2-a-mannosidase lb for 30 min at room temperature. After three more washes in T-PBS, the antigen-antibody complex was detected using goat anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (Seikagaku Co., Tokyo, Japan) with 3,3'-diaminobenzidine and H202 as substrates in 50 mM Tris/HCl, pH 7.2.
N-Terminal sequence analysis
Purified enzyme was applied to a gel-permeation column (Shodex protein WS-803F) and h.p.l.c. was performed in 0.3 M ammonia/acetic acid buffer, pH 6.9, at the rate of 0.5 ml/min.
Eluates were monitored at 225 nm, and the fraction containing the peak of protein was recovered and concentrated to approx. 30 ,ul, and then spotted on to a small piece of PVDF membrane with gentle aspiration from the rear. The membrane was then rinsed in 10% methanol/water several times and dried. NTerminal amino acid analysis was performed on the membrane using an Applied Biosystems (ABi) 473A gas-liquid-solid-phase protein sequenator with an Applied Biosystems 610A dataanalysis system.
Analysis of a C-terminus-containing Ipeptide
Preparation of a C-terminus-containing peptide was performed fundamentally as described by Ishii and Yokosawa [22, 23] PAGE under native conditi-ons (Figure la) and on SDS/PAGE (Figure 2 ). Although we could not determine it exactly, the decrease in molecular mass was less than 1000 Da for both forms. Both enzymes were suggested to have a short chain of asparagine-linked oligosaccharide.
Native proteins of Ia and lb were tested for susceptibility to proteolysis. Treatment with trypsin (specific for lysine and arginine, proteinase/protein ratio 1: 10, w/w) for 36 h at pH 8.0 and at 30°C, with a-chymotrypsin (specific for aromatic amino acids, proteinase/protein ratio 1: 5, w/w) for 48 h at pH 8.0 and at 30°C or with Aspergillus saitoi carboxypeptidase (wide range of specificity toward C-terminal amino acids [27] , proteinase/ protein ratio 1: 5, w/w) for 48 h at pH 3.0 and at 30°C did not change the electrophoretic mobility of enzymes Ta and lb on PAGE (results not shown). We do not know the reason, but 
Antibody test
Immunological cross-reactivity was tested by using specific antibody raised in rabbit against purified Penicillium 1,2-amannosidase lb. When Western-blotting analysis was performed using the serum, anti-(enzyme Tb) reacted with enzyme lb as well as enzyme Ta (Figure 3 ). In another analysis by the Ouchterlony double-diffusion technique [28] , the serum cross-reacted with both enzymes. The precipitation lines of each enzyme fused completely. These results suggest that the two isoenzymes of Penicillium 1,2-a-mannosidase can be regarded as being immunologically homologous.
N-Terminal analysis
It was difficult to prepare enzymes Ta and Tb for amino acid sequence analysis using reversed-phase h.p.l.c.: only slight recovery could be achieved from an octadecyl-silyl or octyl-silyl silica-gel column even at high concentration of organic solvent. Electroblotting of enzymes after SDS/PAGE on to PVDF membrane is known to be a good method, but in our case the amount of blotted enzymes was insufficient to obtain clear data. By using a gel-permeation column for h.p.l.c. and PVDF membrane instead, we were able to determine the N-terminal amino acid residues up to the 14th cycle of sequencing ( Figure 4) . The two forms of the enzyme had the same amino acid at the Nterminus, which was determined to be serine, and the following thirteen amino acid residues were also identical.
Analysis of a C-terminus-containing peptide (Figure 4) . In both cases, peaks of amino acid appeared and could be identified up to the 11th cycle of sequencing (tyrosine) and no peak was detected after the 12th cycle. When a preparation containing for cleavage, more mannose was released as the sugar chain became longer, although in these cases the rates of hydrolysis were still slower than for non-reduced oligomannoses. These results suggest that Man(al --2)Man-ol has far less affinity for the enzyme than Man(ac -+ 2)Man, and at least a two-pyranosering structure is required for Penicillium 1,2-a-mannosidases to accept manno-oligosaccharides at the catalytic sites.
Several types of isoenzyme have been reported for multimeric ac-mannosidases to date [7] [8] [9] . Rat liver Golgi mannosidases IA and IB have been reported to show different behaviour during purification and on gel-permeation chromatography [26] , suggesting that the two proteins have different pl values and molecular mass. In the case of the soluble form of rat liver mannosidase and membrane-bound endoplasmic reticulum amannosidase, the soluble form of the enzyme is supposed to be derived from endoplasmic reticulum membrane a-mannosidase by proteolysis [8] . In yeast a-mannosidase, each isoenzyme has a different number of subunits (107 kDa, 73 kDa and 31 kDa) making up the multimeric enzyme [9] . In this case, the 107 kDa subunit was supposed to give 73 kDa and 31 kDa subunits by proteolysis [9] . Compared with these cases, it may be unique that Penicillium 1,2-a-mannosidases Ia and lb exhibited the same molecular mass, and they differed from each other in p1 by only 0.1. We could not detect a difference in molecular mass between the two by SDS/PAGE and gel-permeation h.p.l.c. Many of the properties of enzymes Ia and lb were similar: both showed maximum activity at pH 5.0 with the same substrate specificity, did not require Ca2+ for their activities, shared a similar sensitivity for glycosidase inhibitors and showed immunological identity.
Their kinetic parameters with regard to Man(acl -+ 2)Man-OMe were slightly different. Enzymes Ia and lb showed a difference in their performances at acidic and alkaline pH. At present, we do not know the exact mechanism that gives rise to isoenzymes of a specific a-mannosidase having a similar nature in this mould, but analysis of some parts of their structures has given clues for speculation. First, N-terminal amino acid analysis has revealed that enzymes Ia and lb have the same sequences at the N-terminus. Secondly, by combined usage of anhydrotrypsin-agarose, h.p.l.c. and amino acid sequenator, we have obtained information on the structures of the C-terminal regions of Ia and lb. C-Terminus-containing peptides from Ia and lb exhibited the same amino acid sequences. Although the C-terminal amino acid itself has not yet been determined, the two peptides appear to have the same amino acid sequences next to the C-terminal residue. These results strongly suggest that isoform Ia or lb is not a proteolytic product of the other form. This is consistent with the observation that enzymes Ia and lb are resistant to proteolytic digestion by carboxypeptidase. Peptide mapping after tryptic digestion showed a few unique fragments for each enzyme, suggesting the presence of a few differences in amino acid sequence within the polypeptides. The existence of duplicated genes for isoenzymes is known for Taka-amylase A in Aspergillus oryzae [33] . In the case of Penicillium 1,2-x-mannosidase, further analysis of the protein and gene structures should provide a clear answer to the mechanism causing the two isoenzymes.
